Background
==========

Lignocellulosic feedstocks, in particular agricultural wastes and hardwoods, contain a large fraction of the pentose sugars D-xylose and L-arabinose \[[@B1]\]. Therefore, cost-efficient fermentation of lignocellulosic hydrolysates to ethanol requires a micro-organism that can ferment pentose sugars to ethanol with high yield and productivity. *Saccharomyces cerevisiae*is the conventional microorganism for ethanol production, but it cannot naturally ferment pentose sugars. Consequently, various metabolic engineering strategies have been employed to express both fungal and bacterial genes encoding either D-xylose or L-arabinose utilizing pathways in *S. cerevisiae*(reviewed recently in, for example, \[[@B2],[@B3]\]). Despite these efforts, the sole heterologous expression of these genes was not sufficient to enable efficient fermentation to ethanol and additional modifications were required to overcome limitations in the conversion of pentoses.

Using isogenic *S. cerevisiae*strain background, higher specific ethanol productivity from xylose was achieved in the strain expressing the xylose reductase (XR) and xylitol dehydrogenase (XDH) pathway (Figure [1](#F1){ref-type="fig"}), whereas higher ethanol yield was obtained when expressing the fungal xylose isomerase pathway \[[@B4]\]. With arabinose, the first functional bacterial arabinose pathway (Figure [1](#F1){ref-type="fig"}) expressed in *S. cerevisiae*combined the *Bacillus subtilis AraA*and *Escherichia coli AraB*and *AraD*\[[@B5]\]. Later studies have used homologous genes from *Lactobacillus plantarum*\[[@B6]\] or *B. licheniformis AraA*\[[@B7]\] to improve arabinose utilization. The fungal arabinose-utilization pathway has been also engineered in *S. cerevisiae*strains \[[@B8]\] enabling growth on arabinose.

![**D-xylose and L-arabinose utilization pathways engineered in the *Saccharomyces cerevisiae*strains TMB3061, TMB3063 and TMB3130**. Fungal D-xylose utilizing pathway: *Pichia stipitis*D-xylose reductase (XR), *XYL1*; *P. stipitis*D-xylitol dehydrogenase (XDH), *XYL2*; *S. cerevisiae*D-xylulose kinase (XK); *XKS1*. Bacterial L-arabinose utilizing pathway: *Bacillus subtilis*L-arabinose isomerase (AI), *AraA*; *Escherichia coli*L-ribulokinase (RK), *AraB*; *E. coli*L-ribulose-5-P 4 epimerase (RPE), *AraD*.](1754-6834-3-13-1){#F1}

Ethanol productivity would benefit from the design of stable *S. cerevisiae*strains that would co-consume xylose and arabinose, since both sugars are present in lignocellulosic feedstock. Co-expression of arabinose and xylose pathways in *S. cerevisiae*has been reported \[[@B6],[@B9],[@B10]\]. However, so far there is only one example of chromosomal integration of xylose and arabinose pathway genes in *S. cerevisiae*\[[@B10]\]. In these engineered industrial strains (named TMB3061 and TMB3063) that carry the *Pichia stipitis*xylose pathway combined with the *B. subtilis - E. coli*arabinose pathway (Figure [1](#F1){ref-type="fig"}), the consumption of arabinose and xylose was low and ethanolic fermentation was limited by extensive arabitol formation from XR enzyme \[[@B10]\] (Figure [1](#F1){ref-type="fig"}).

Evolutionary engineering (reviewed by \[[@B11]\]) complements rationally designed genetic engineering approaches. In the field of pentose fermentation, several examples of evolved *S. cerevisiae*strains that are improved for either xylose \[[@B12]-[@B15]\] or arabinose \[[@B5],[@B6]\] fermentation have been reported. One more recent study describes the evolution of a *S. cerevisiae*strain towards both xylose and arabinose utilization by an haploid laboratory strain harbouring xylose and arabinose genes on multicopy plasmids \[[@B16]\].

In the present contribution, we report on an evolutionary engineering study to improve mixed sugar fermentation by the industrial polyploid *S. cerevisiae*strain TMB3061 previously engineered with integrated genes for xylose and arabinose co-utilization \[[@B10]\]. Carbon-limited continuous culture with xylose and arabinose and increasing dilution rate was used to select for a population with improved growth on a mixture of xylose and arabinose sugars. One isolate, TMB3130, was further physiologically characterized.

Results
=======

Evolutionary engineering for improved xylose and arabinose co-utilization
-------------------------------------------------------------------------

The industrial *S. cerevisiae*strain TMB3061 (Table [1](#T1){ref-type="table"}) that overexpresses *B. subtilis AraA*, *E. coli AraB*and *AraD*, *P. stipitis XYL1*and *XYL2*and *S. cerevisiae XKS1*\[[@B10]\] (Figure [1](#F1){ref-type="fig"}) was used to initiate the evolution in continuous culture under aerobic conditions using xylose and arabinose as limiting carbon sources. The feed initially contained 10 g L^-1^xylose as the sole carbon source and it was changed to a mixture of 5 g L^-1^xylose and 5 g L^-1^arabinose after more than 400 h, equivalent to 20 generations. The dilution rate was manually increased whenever a steady-state (assessed by stable cell concentration) was reached or decreased when washout was observed.

###### 

Description and aerobic growth on pentoses for the *Saccharomyces cerevisiae*strains used in the study

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Strains       Relevant genotype/phenotype                                 Abbreviation      Maximum specific growth rate (h^-1^)   Maximum OD~620nm~ (average)   Strain reference          
  ------------- ----------------------------------------------------------- ----------------- -------------------------------------- ----------------------------- ------------------ ------ ------------
  **TMB3400**   *HIS3::ADH1p- XYL1-ADH1t, PGKp-XYL2-PGKt, pPGK-XKS1-tPGK*   X                 0.129 ± 0.010                          0.002 ± 0.000                 19.1               0.5    \[[@B31]\]

                                                                                                                                                                                             

  **TMB3061**   **TMB3400**, *TRP1:: YlpAraB KanMX*,\                       **X+A**           0.016 ± 0.000                          0.014 ± 0.000                 11.1               5.1    \[[@B10]\]
                *NTS2::HXT7p-AraA-CYC1t*and\                                                                                                                                                 
                *NTS2:: HXT7p-AraD-CYC1t, KanMX*                                                                                                                                             

                                                                                                                                                                                             

  **TMB3063**   **TMB3061**, additional copies of\                          **X+A+A**         0.027 ± 0.000                          0.033 ± 0.000                 12.1               5.0    \[[@B10]\]
                *NTS2*::*HXT7*p-*AraA*-*CYC1*t                                                                                                                                               

                                                                                                                                                                                             

  **TMB3130**   **TMB3061**, evolved on xylose and arabinose                **X+A evolved**   0.054 ± 0.003                          0.027 ± 0.010                 23.3               21.5   This study
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Growth parameters were determined under aerobic conditions on yeast nitrogen base (YNB) medium with 50 g L^-1^arabinose or 50 g L^-1^xylose. Cell pre-cultures for the inoculum were grown on YNB medium with 20 g L^-1^glucose.

OD, optical density.

After approximately 65 generations, the dilution rate had been increased from 0.02 to 0.06 h^-1^and the cell mass in the continuous culture reached an optical density (OD ~620\ nm~) higher than 20 as compared to initial values of 2-8 at the beginning of the experiment. A sample of the cell population after 70 generations was then chosen for further analysis.

Isolation of the evolved strain TMB3130
---------------------------------------

The population harvested from the continuous culture was sequentially grown in shake flask cultures containing first arabinose and then xylose in order to select for isolates that grew efficiently on both carbon sources. Cells from the shake flask culture on xylose were streaked on yeast peptone glucose (YPD) for isolation of single colonies. Each colony was re-streaked on yeast nitrogen base (YNB) plates containing xylose or arabinose as sole carbon source and 20 selected isolates able to grow efficiently on both pentoses were selected. Further analysis of 11 isolates was conducted in YNB liquid cultures where the specific growth rate (μ~max~) and the final biomass concentration (maximum OD ~620\ nm~) were compared to identify the best-growing isolates.

At least a twofold increase in maximum OD~620\ nm~was obtained for all isolates as compared to the parental strain TMB3061 when grown on xylose (data not shown)~.~On the contrary, the ability to grow on arabinose appeared to be very divergent between the isolates, ranging from μ~max~0.020 to 0.041. While most isolates reached the stationary phase at an OD~620\ nm~between 1.2 and 2.2 in medium with arabinose, two isolates continued growing until an OD~620\ nm~of about 16. When these two isolates had been transferred several times to fresh arabinose medium, μ~max~reached 0.040 h^-1^for both isolates indicating that μ~max~on arabinose had been increased threefold compared with the parental strain TMB3061 (μ~max~0.014 h^-1^) (Table [1](#T1){ref-type="table"}).

One of the two isolates was chosen for further characterization and named TMB3130 (Table [1](#T1){ref-type="table"}). Analytical polymerase chain reaction (PCR) of the overexpressed *XKS1*confirmed that TMB3130 originated from the recombinant strain TMB3061.

Aerobic growth on pentose sugars
--------------------------------

The parental strain, TMB3061, and the newly isolated TMB3130 were compared with respect to aerobic growth on xylose and arabinose. The comparison also included: (i) TMB3400 which only harbours the heterologous xylose utilizing pathway and is the parental strain of TMB3061; and (ii) TMB3063 that is based on TMB3061 but has additional copies of *AraA*(Table [1](#T1){ref-type="table"}) \[[@B10]\]. All strains were pre-grown on glucose before determination of μ~max~on pentose sugars.

The evolved strain TMB3130 displayed an enhanced aerobic growth rate on xylose (three- to fourfold) and on arabinose (twofold) compared with its parental strain TMB3061 (Table [1](#T1){ref-type="table"}). However, the μ~max~on xylose was still twofold lower than that of the xylose-utilizing TMB3400, the xylose-utilizing parental strain of TMB3061 \[[@B10]\] (Table [1](#T1){ref-type="table"}). The lag-phase on pentoses of the two xylose and arabinose co-consuming strains was also longer than that of TMB3400 (Figure [2](#F2){ref-type="fig"}) and, thus, appeared to be related to the introduction of the arabinose-utilizing pathway. However, after adaptation, the novel isolate TMB3130 reached the highest final biomass concentration in both xylose containing-medium and in arabinose-containing medium (Table [1](#T1){ref-type="table"}; Figure [2](#F2){ref-type="fig"}).

![**Aerobic growth of *Saccharomyces cerevisiae*strains on pentose sugars**. (A) Yeast nitrogen base (YNB) medium with 50 g L^-1^xylose and (B) YNB medium with 50 g L^-1^arabinose. Cells were pre-grown on YNB medium with 20 g L^-1^glucose. TMB3400 (X) (asterisk); TMB3061 (X+A) (filled circle); TMB3063 (X+A+A) (filled triangle); and TMB3130 (X+A evolved) (filled square).](1754-6834-3-13-2){#F2}

Anaerobic co-fermentation of glucose, xylose and arabinose
----------------------------------------------------------

Mixed sugar fermentation with the evolved isolate TMB3130 was compared with the xylose-consuming strain TMB3400 and with the xylose- and arabinose co-consuming strain TMB3063 (Table [2](#T2){ref-type="table"}). Glucose was included in the medium together with xylose and arabinose to allow anaerobic growth at the start of the fermentation.

###### 

Anaerobic co-fermentation on 20 g L^-1^glucose, 20 g L^-1^xylose and 20 g L^-1^arabinose on defined medium

  Strains       *q*(consumption rate) in g (g cell h)^-1^   g sugar left at 120 h   *Y*arabitol (g arabitol. g consumed arabinose^-1^)   *Y*(g. g consumed xylose^-1^)                                                           
  ------------- ------------------------------------------- ----------------------- ---------------------------------------------------- ------------------------------- ------------- ------------- ------------- ------------- -------------
  **TMB3400**   0.07 ± 0.00                                 0.01 ± 0.01             0.23 ± 0.06                                          18.40 ± 0.12                    0.94 ± 0.02   0.42 ± 0.01   0.09 ± 0.01   0.02 ± 0.00   0.22 ± 0.01
                                                                                                                                                                                                                                 
  **TMB3063**   0.06 ± 0.02                                 0.05 ± 0.02             9.71 ± 1.35                                          13.97 ± 1.59                    1.03 ± 0.08   0.21 ± 0.01   0.03 ± 0.00   0.10 ± 0.09   0.24 ± 0.03
                                                                                                                                                                                                                                 
  **TMB3130**   0.09 ± 0.02                                 0.10 ± 0.04             2.11 ± 0.22                                          1.61 ± 2.28                     0.95 ± 0.05   0.31 ± 0.01   0.04 ± 0.00   0.08 ± 0.02   0.29 ± 0.12

The consumption rates of xylose and arabinose as well as the yields of arabitol, xylitol, glycerol, ethanol and acetate were calculated from the pentose phase after glucose depletion. The cell dry weight at the end of fermentation was used for the calculation of the specific consumption rates. TMB3400 only harbours the heterologous xylose-utilizing pathway; TMB3063 is a derivative from TMB3061 (that contains the xylose and arabinose pathways) with extra-copies of *AraA*gene; TMB3130 is evolved from TMB3061.

Xylose and arabinose consumption rates were calculated during the pentose phase after exhaustion of glucose. The specific consumption rates of xylose and arabinose (Table [2](#T2){ref-type="table"}) were the highest for the evolved strain TMB3130 and similar for the two pentose sugars (0.9-0.10 g (g cell h)^-1^). For the two other strains, the xylose consumption rate was higher than the arabinose consumption rate. Almost all xylose and arabinose were consumed by the evolved strain TMB3130, while 46% of xylose and 67% of arabinose were left in the medium by TMB3063. TMB3400 consumed almost all xylose but no arabinose, in accordance with its genetic make-up (Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}; Figure [3](#F3){ref-type="fig"}).

![**Anaerobic co-fermentation on defined medium with 20 g L^-1^glucose, 20 g L^-1^xylose and 20 g L^-1^arabinose**. Cells for the inocula were pre-grown on defined medium with 20 g L^-1^glucose. The strains used were *Saccharomyces cerevisiae***(A)**TMB3400, **(B)**TMB3063 and **(C)**TMB3130. Symbols: glucose (minus symbol), xylose (open square), arabinose (open diamond), xylitol (filled square), arabitol (filled diamond), ethanol (filled triangle), biomass (filled circle), glycerol (asterisk), acetate (plus symbol).](1754-6834-3-13-3){#F3}

At the metabolite level, the ethanol yield was the highest in the evolved strain (0.29 g ethanol. g consumed xylose^-1^; Table [2](#T2){ref-type="table"}). Almost all arabinose was converted to arabitol in the three strains (Table [2](#T2){ref-type="table"}). TMB3400 (X) had the highest xylitol yield 0.42 (g xylitol. g xylose consumed)^-1^while TMB3063 (X+A+A) and TMB3130 (X+A evolved) had xylitol yields of 0.21 and 0.31, respectively. The glycerol yield from consumed xylose was higher for TMB3400 (0.09 g glycerol. g consumed xylose^-1^) and the lowest for TMB 3063 and TMB3130 (0.03 and 0.04 g glycerol. g consumed xylose^-1^, respectively; Table [2](#T2){ref-type="table"}). In contrast, the acetate yield from consumed xylose was lower for TMB3400 (0.02 g acetate. g consumed xylose^-1^) and higher for TMB3063 (0.10 g acetate. g consumed xylose^-1^) and TMB3130 (0.08 g acetate. g consumed xylose^-1^; Table [2](#T2){ref-type="table"}).

Enzymatic activities of the xylose and arabinose pathways
---------------------------------------------------------

XR and XDH activities of glucose-grown strain TMB3130 (X+A evolved) were compared to those previously obtained with glucose grown cells for the parental strain TMB3061 (X+A) and strains TMB3400 (X) and TMB3063 (X+A+A) \[[@B10]\]. XR and XDH activities had significantly increased in the evolved isolate TMB3130, five- to eightfold for XR and two- to 3.5-fold for XDH as compared to the activities measured in the other three strains (Table [3](#T3){ref-type="table"}).

###### 

Xylose reductase (XR) and xylitol dehydrogenase (XDH) activity (U.mg protein^-\ 1^) of crude protein extracts from cells grown in defined medium with 20 g L^-1^glucose

  ------------------------------------------------------------------
  Strain         XR activity\              XDH activity\
                 **U mg**^-1^**protein**   **U mg**^-1^**protein**
  -------------- ------------------------- -------------------------
  **TMB 3400**   0.09 ± 0.00 (\*)          0.59 ± 0.08 (\*)

                                           

  **TMB3061**    0.13 ± 0.01 (\*)          0.52 ± 0.03 (\*)

                                           

  **TMB 3063**   0.10 ± 0.01 (\*)          0.81 ± 0.08 (\*)

                                           

  **TMB 3130**   0.72 ± 0.06               1.85 ± 0.61
  ------------------------------------------------------------------

\*Taken from \[[@B10]\]

TMB3400 only harbours the heterologous xylose-utilizing pathway; TMB3063 is a derivative from TMB3061 (that contains the xylose and arabinose pathways) with extra-copies of *AraA*gene; TMB3130 is evolved from TMB3061.

It was not possible to measure enzymatic activities of the arabinose pathways due to lack of commercially available compounds for the assays.

Sequencing of genes from the xylose and arabinose pathways
----------------------------------------------------------

The genes encoding the heterologous arabinose and xylose pathways in the strains TMB3061 and TMB3130 were sequenced and no difference in nucleotide sequence was detected between the two strains. However, the *B. subtilis AraA*sequence of both TMB3130 and TMB3061 was found to contain nine point mutations compared with the original *B. subtilis*sequence found in GeneBank. Three of these mutations were non-silent, common for both strains and were positioned in aminoacids 201 (Phe → Leu), 366 (Ser → Pro) and 378 (Leu → Phe). Also the *E. coli AraB*sequence of TMB3061 and TMB3130 had three point mutations compared with the original *E. coli*sequence of which one was non-silent in position 121 (Asp → Asn) \[[@B5]\]. In both strains the *P. stipitis XYL2*gene contained four silent point mutations.

Assessment of transport kinetics
--------------------------------

*S. cerevisiae*strains TMB3400, TMB3061 and TMB3130 were characterized in terms of initial D-\[U-^14^C\]xylose uptake rates in D-glucose- and D-xylose-grown cells. The three strains presented saturation kinetics with the presence of multiple transport systems for D-xylose, as denoted by the non-linear Eadie-Hofstee plots (Figure [4](#F4){ref-type="fig"}). When grown in D-glucose, the overall *K*~m~for D-xylose uptake was very high (estimated above 300 mM) and similar in the three strains (data not shown). Although *K*~m~values were higher than the maximal sugar concentration tested, the transport capacity for D-xylose at this concentration was estimated for comparative purposes: 33 ± 6 mmol.h^-1^.(g cells)^-1^, 24 ± 8 mmol.h^-1^.(g cells)^-1^and 30 ± 5 mmol.h^-1^.(g cells)^-1^for TMB3400 (X), TMB3061 (X+A) and TMB3130 (X+A evolved), respectively.

![**D-\[U-^14^C\] xylose initial uptake rates in *Saccharomyces cerevisiae* strains engineered for xylose and arabinose utilization**. Eadie-Hofstee plot of D-\[U-^14^C\]xylose initial uptake rates in *S. cerevisiae*cells (TMB3400 (X), triangles; TMB3061 (X+A), diamonds; TMB3130 (X+A evolved), squares) grown in D-glucose (filled symbols) or D-xylose (open symbols).](1754-6834-3-13-4){#F4}

When grown in D-xylose, TMB3400 showed similar kinetic parameters for xylose uptake as when grown in D-glucose (Figure [4](#F4){ref-type="fig"}). In contrast, TMB3061 and TMB3130 showed higher D-xylose uptake rates (1.5- to twofold) for each tested concentration, which apparently resulted from a lower overall *K*~m~for D-xylose (estimated around 250 mM both for TMB 3061 and TMB 3130 (Figure [4](#F4){ref-type="fig"})).

When comparing strains, the transport capacity for xylose in the strains pre-grown in D-glucose (g) or D-xylose (x) was ranked as follows: TMB3061 (g) \< TMB3130 (g) \< TMB3400 (g) \~ TMB3400 (x) \< TMB3061 (x) \< TMB3130 (x). Xylose transport was around 1.2- to 1.5-fold higher in TMB 3130 as compared to its parental TMB 3061.

The kinetic parameters for L-\[1-^14^C\]arabinose uptake were more difficult to evaluate because the uptake capacity was much lower for L-arabinose than for D-xylose. Therefore, only 5 mM and 100 mM concentrations were used in L-arabinose transport experiments with strains TMB3400, TMB3061, TMB3063 and TMB 3130.

When grown in D-glucose all strains showed L-arabinose uptake rates below 0.5 mmol.h^-1^.(g cells)^-1^using 100 mM L-arabinose (Figure [5](#F5){ref-type="fig"}) which was around 10-times lower than xylose uptake under the same conditions. The tendency for L-arabinose uptake was, however, the same as for xylose uptake on glucose-grown cells (g): TMB3061 (g) \< TMB3130 (g) \< TMB3400 (g) (Figure [5](#F5){ref-type="fig"}).

![**L-arabinose initial uptake rates in *Saccharomyces cerevisiae*strains engineered for xylose and arabinose utilization**. L-\[1-^14^C\]Arabinose initial uptake rates of *S. cerevisiae*cells (TMB3400, TMB3061, TMB3063 and TMB3130) grown in D-glucose (black bars) or L-arabinose (grey bars).](1754-6834-3-13-5){#F5}

When grown in L-arabinose, TMB3061 and TMB3063 showed similar uptake capacities both for 5 mM and 100 mM L-arabinose (0.05 ± 0.01 and 1.0 ± 0.3 mmol.h^-1^.g cells^-1^, respectively; Figure [5](#F5){ref-type="fig"}). In contrast TMB3130 showed significant improvement in L-arabinose transport when grown in L-arabinose (0.17 ± 0.01 and 2.4 ± 0.5 mmol.h^-1^.g cells^-1^, respectively for 5 mM and 100 mM L-arabinose) (Figure [5](#F5){ref-type="fig"}), representing two- to threefold higher L-arabinose uptake compared to the parental strain TMB3061.

Discussion
==========

In the present work, evolutionary engineering was used to improve xylose and arabinose co-utilization in a recombinant industrial *S. cerevisiae*strain carrying the genes from fungal xylose and bacterial arabinose pathways chromosomally integrated in the genome. Both the aerobic growth rate and the final biomass concentration were significantly improved in the evolved strain.

Under anaerobic conditions, the evolved strain TMB3130 displayed higher total anaerobic pentose co-consumption rate as well as the highest ethanol yield. This resulted from an improved conversion of xylose to ethanol (with less xylitol and glycerol as by-products) whereas arabinose was almost stochiometrically converted to arabitol via XR enzyme (Figure [1](#F1){ref-type="fig"}). We suspect that the use of XR for arabinose conversion to arabitol triggered a shortage of reduced nicotinamide adenine dinucleotide phosphate (NADPH) for the XR reaction, as observed from the increased oxidized nicotinamide adenine dinucleotide phosphate (NADP^+^)-dependent acetate production. Lower NADPH may also have forced XR to use NADH for the conversion of xylose to xylitol, which has been shown to lower xylitol production as a result of a more balanced co-factor utilization between XR and XDH enzymes \[[@B17]\]. In addition, the reduced available NADH would result in lower glycerol production. Overall ethanol production should increase since less carbon is being diverted to glycerol and xylitol by-products.

Molecular and physiological analyses of the evolved isolate TMB3130 revealed that improved transport capacity and initial sugar metabolism contributed to the increased co-utilization of xylose and arabinose. In contrast the molecular basis for the improvements of the haploid laboratory strain have so far not been reported \[[@B16]\]. Comparing isolate TMB3130 and its parental strains at the gene level did not reveal any mutation in the heterologous genes of the pentose converting enzymes. However, the parental strain contained several mutations in *AraA*and few in *AraB*, as compared to the original bacterial sequence. This may indicate a high selective pressure on the first enzymes of the arabinose utilization pathway during arabinose consumption and would confirm previous indications on the pivotal role of L-arabinose isomerase in arabinose-engineered *S. cerevisiae*\[[@B7]\]. Also two silent mutations in *B. subtilis AraA*were shifted towards codon usage found at increased frequencies in highly expressed genes \[[@B18]\].

In the evolved strain TMB3130, the XR and XDH activities increased 5.5- and 3.5-fold, respectively, as compared to the parental strain TMB3061. This concomitant increase in activity associated with unchanged gene sequences suggest that the higher XR and XDH activities result from one or several duplications on the genome of the integrative vector that carry *XYL1*and *XYL2*genes. XR and XDH levels were also higher than for the original strain TMB3400, although xylose consumption rates were in the same range. Therefore, the loss of xylose consumption capacity in strain TMB3061 was not associated with decreased XR-XDH activity whereas the recovery of xylose consumption capacity in the evolved strain was. It suggests that *S. cerevisiae*is able to use different strategies to recover a phenotype under selection pressure.

Under glucose limitation or absence of glucose, high-affinity glucose transporters are induced \[[@B19]\]. This correlates with the higher pentose uptake rate that was observed when strains were pre-grown on xylose or arabinose instead of glucose since hexose transporters have been shown to also transport pentoses: Hxt4p, Hxt5p, Hxt7p and Gal2p can transport xylose \[[@B20],[@B21]\] whereas Gal2p can also transport arabinose \[[@B22]\]. Xylose and arabinose transport was improved in the evolved strain TMB3130, 1.2- to 1.5-fold and two- to threefold, respectively. This suggests an improvement in pentose uptake rate through evolution and confirms that continuous cultivation under substrate limitation tends to generate an evolved population with improvement at the level of nutrient transport \[[@B12],[@B13]\]. Specific xylose and arabinose transporters have been reported in yeast \[[@B23]\] and overexpression of one or several of these transporters may further improve simultaneous pentose fermentation.

Despite significant improvement, the xylose and arabinose co-utilization rate of the evolved industrial strain TMB3130 was three- and fivefold lower, respectively, than what was achieved with the evolved laboratory strain \[[@B16]\]. TMB3130 was derived from TMB3400 that is at least diploid and originates from a cross between wine-making strains \[[@B24]\]. It has been suggested that it is more difficult to obtain substantial strain improvement by evolution of industrial *S. cerevisiae*strains compared to haploid laboratory strains, because of the intrinsic genetic robustness that result from the polyploidy of industrial strains \[[@B11],[@B14]\]. This would explain the limited success of evolutionary approaches with industrial *S. cerevisiae*strains for bioethanol production \[[@B14],[@B25]\].

The evolutionary engineering protocol used to increase the consumption rate of xylose and arabinose in the laboratory *S. cerevisiae*strain \[[@B16]\] and in the currently reported industrial *S. cerevisiae*strain differed significantly in the selection method. The laboratory strain was selected through repeated batch cultivations in media alternating combinations of glucose, xylose and arabinose sugars, after limited success in evolving the parent under chemostat conditions \[[@B16]\]. In contrast, the industrial strain was improved by increasing the dilution rate in a continuous cultivation with a defined medium containing a mixture of xylose and arabinose as sole carbon sources. The industrial strain carried all genes from the heterologous pentose pathways on the genome whereas the engineered CEN.PK strain combined integrated and plasmid-born genes. On the one hand multicopy plasmids may favour fine tuning of the gene copy number to match the required expression levels, on the other hand it may be more difficult to reach a stable phenotype for mixed sugar utilization unless careful selection pressure (such as successive cultivation on alternative sugars) is applied. It has previously been reported that a strain harbouring a multicopy plasmid was more prone to evolution for improved aerobic growth on xylose than the corresponding strain with all genes integrated on the genome \[[@B13]\]. Therefore, one can speculate that plasmids may increase the strain instability, thereby increasing the mutation or recombination rate and favour evolution.

Conclusions
===========

An industrial yeast strain was evolved for improved xylose and arabinose co-utilization through continuous cultivation at increasing dilution rate with xylose and arabinose as sole carbon sources. The xylose and arabinose consumption rates increased both under aerobic and anaerobic conditions. As a result, the aerobic growth rate and the final cell mass on xylose and arabinose increased. Under anaerobic conditions, the ethanol yield increased at the expense of the xylitol and glycerol yields, whereas arabinose was almost entirely converted to arabitol. Increased transport of xylose and arabinose as well as increased levels of xylose converting enzymes most likely contributed to the improvement of pentose utilization. To the best of our knowledge, this is the first report on improved mixed-pentose utilization that characterizes the molecular mechanisms for the evolutionary engineered strain.

Methods
=======

Strains
-------

Yeast strains used in the study are summarized in Table [1](#T1){ref-type="table"}. All strains were stored in 15% glycerol at -80°C.

Aerobic cultivations
--------------------

Aerobic cultivation was performed on YNB (6.7 g L^-1^Difco YNB without amino acids; Becton, Dickinson and Company, MD, USA). YNB medium was supplemented with 50 g L^-1^arabinose, 50 g L^-1^xylose or 20 g L^-1^glucose unless otherwise stated. For aerobic growth determinations, pre-cultivation conditions were normalized by growing the cells in YNB medium with 20 g L^-1^glucose until late exponential phase from which cell culture was used to inoculate YNB medium with arabinose or xylose at an OD ~620\ nm~of 0.2. Double concentration of YNB was used when the sugar concentration was above 20 g L^-1^. YNB medium was buffered with potassium hydrogen phthalate (10.21 g L^-1^phthalate, 2.1 g L^-1^KOH) at pH 5.5 \[[@B26]\]. The cultures were grown in cotton-stoppered baffled shake-flasks with starting medium volume of 10% of the flask volume. Temperature was controlled at 30°C and shaking was set at 180-200 rpm (Gallenkamp INR-200, Leicester, UK). Cell growth was monitored by determining the optical density (OD ~620\ nm~) with a Hitachi U-1800 Spectrophotometer (Hitachi Ltd, Tokyo, Japan). YPD (10 g L^-1^yeast extract, 20 g L^-1^peptone, 20 g L^-1^glucose, 20 g L^-1^agar) or YNB (6.7 g L^-1^, 30 g L^-1^agar) plates were used for cell culture from frozen stocks, for inoculation and for recovery of cells from the chemostat or isolation of the evolvants.

Continuous culture for evolutionary engineering
-----------------------------------------------

The pre-culture of TMB3061 cells was grown aerobically using YNB medium with 20 g L^-1^glucose. The cells were harvested and mixed with the fermentation medium to an OD ~620\ nm~of 0.5. The continuous cultivation was performed in a 250 mL in-house-built jacketed bioreactor on defined medium \[[@B27]\] that contained 0.05% (vol/vol) antifoam (Dow Corning^®^Antifoam RD Emulsion; BDH Laboratory Supplies, Dorset, UK). For the initial batch culture, 150 mL of working volume was used with 500 rpm magnetic stirring and for the chemostat culture the volume was reduced to approximately 100 mL with 250 rpm stirring. Air was supplied by sparging 0.8 L air gas min^-1^controlled with a gas flow-meter (Bronkhorst, HI-TECH, Ruurlo, The Netherlands). The temperature was set at 30°C and pH was maintained at 5.5 by automatic addition of 0.3 M KOH. Outlet gases from the culture were followed with a Carbon Dioxide and Oxygen Monitor type 1308 (Brüel and Kjaer, Copenhagen, Denmark).

In the initial batch culture, 10 g L^-1^glucose and 10 g L^-1^xylose were used as carbon sources. Then the carbon source in the feed was 10 g L^-1^xylose, followed by a mixture of 5 g L^-1^xylose and 5 g L^-1^arabinose. The initial dilution rate (0.02 h^-1^) was increased stepwise every time the culture reached a steady state. The absence of contamination was checked by microscopic examination.

Anaerobic co-fermentation of glucose and pentose
------------------------------------------------

For the characterization of evolved strains, pre-cultures were grown in defined mineral medium \[[@B27]\] with 20 g L^-1^glucose buffered to pH 5.5 with potassium hydrogen phthalate \[[@B26]\]. A first pre-culture grown overnight in a test tube was used to inoculate a second 100 mL pre-culture in a baffled 1 L flask. Cells from late exponential phase were harvested, washed twice with 0.9% NaCl and inoculated at an OD ~620\ nm~of 0.2. Fermentation was conducted in 3 L Applikon^®^Bio Reactors (Applikon, Schiedam, The Netherlands) with a working volume of 1.5 L. Defined mineral medium \[[@B27]\] supplemented with a mixture of 20 g L^-1^glucose, 20 g L^-1^xylose and 20 g L^-1^arabinose was used. For anaerobic fermentation 0.4 g L^-1^Tween-80 and 0.01 g L^-1^ergosterol were added to the medium. Temperature was set at 30°C, agitation at 200 rpm and pH was maintained at 5.5 by automatic addition of 3 M KOH. Anaerobic conditions were obtained by sparging nitrogen (AGA Gas, Sundbyberg, Sweden) at a flow rate of 0.2 L min^-1^. The experiments were performed at least in duplicate.

Analysis of metabolites and cell dry weight
-------------------------------------------

The concentrations of xylose, glucose, acetic acid, glycerol, xylitol and ethanol were determined in the filtered sample supernatant by high performance liquid chromatography (Beckman Instruments, CA, USA) using Aminex HPX-87H ion exchange columns (Bio-Rad, CA, USA) at 45°C with 5 mM H~2~SO~4~as mobile phase and at a flow rate of 0.6 mL min^-1^. A series of three connected columns was used for separation of glucose, xylose and arabinose and their corresponding fermentation by-products when present in the same sample. Arabinose, arabitol and xylitol were separated using a HPX-87P ion exchange column (Bio-Rad, CA, USA) at 85°C with a mobile phase of water at a flow rate of 0.5 mL min^-1^. A RID-6A refractive index detector (Shimadzu, Kyoto, Japan) was used for the detection of all the compounds. Ethanol concentration was calculated from the degree of reduction balance.

Cell dry weight was determined in triplicates by filtering 5 mL culture through a pre-weighed hydrophilic polyethersulfone filter (PALL, Life Sciences, Michigan, USA).

Enzyme activities
-----------------

XR and XDH assays were performed with an Ultrospec 2100 pro spectrophotometer (Amersham Biosciences, Uppsala, Sweden). Freshly streaked cells grown in YNB plates supplemented with 20 g L^-1^glucose were inoculated in tubes containing YNB liquid medium with 20 g L^-1^glucose. Overnight grown cells were then used to inoculate shake flask cultures with 20 g L^-1^glucose. Cells were harvested in exponential phase and washed twice with water. Y-PER reagent (Pierce Biotechnology, IL, USA) was used to extract proteins. The protein concentration was determined with the Coomassie Plus protein assay reagent (Pierce, IL, USA) with bovine serum albumine as standard. XR activity was measured as previously described \[[@B28],[@B29]\]. For the XDH assay \[[@B30]\] triethanolamine buffer at pH 7 \[[@B31]\] was used. Experiments were performed in biological triplicates and with duplicates of different concentrations of the extracted proteins. Arabinose isomerase activity could not be determined because of the unavailability of commercial reagents.

Genetic analysis
----------------

In order to verify that the isolates originated from TMB3061, the overexpressed endogenous xylulokinase gene was amplified by PCR using primers binding to the heterologous *PGK1*promoter and to the coding sequence of *XKS1*gene. Yeast genomic DNA was extracted with Easy-DNA Kit (Invitrogen, Groningen, The Netherlands) or by phenol/chloroform method. The *AraA, AraB*, *AraD, XYL1*and *XYL2*genes were sequenced in strains TMB3061 and TMB3130. The *Pfu*DNA polymerase or high fidelity PCR enzyme mix that were used for PCR amplification were obtained from Fermentas (Vilnius, Lithuania). The QIAquick^®^Gel Extraction Kit (Qiagen GmbH, Hilden, Germany) was used for purification of DNA fragments from agarose gel. DNA sequencing and oligonucleotide synthesis was performed at Eurofins MWG Operon (Martinsried, Germany).

Transport kinetics
------------------

Cells were inoculated in shake flasks with medium (volume equal to one-fifth of flask capacity) containing YNB (without amino acids) and D-glucose, D-xylose or L-arabinose (20 g L^-1^). Cells were grown aerobically at 30°C, 180 rpm, to exponential phase (OD ~640\ nm~= 1). Initial uptake rates were determined at 25°C \[[@B32]\], using D-\[U-^14^C\]glucose, D-\[U-^14^C\]xylose (GE Healthcare, Buckinghamshire, UK) or L-\[1-^14^C\]arabinose (Moravek Biochemicals Inc, CA, USA). D-\[U-^14^C\]Xylose uptake measurements were performed using a sugar concentration range between 0.5 mM and 100 mM (final concentrations) and a period of 10 s. L-\[1-^14^C\]arabinose uptake measurements were performed using sugar concentrations of 5 mM and 100 mM (final concentrations) and a period of 5-10 s.
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